Regulatory agencies currently rely on rodent carcinogenicity bioassay data to predict whether or not a given chemical poses a carcinogenic threat to humans. We argue that it is always more useful to know a chemical's carcinogenic potency (with confidence limits) than to be able to say only qualitatively that it has been found to be a carcinogen. In a typical bioassay, a chemical is administered to groups of 50 to 100 rodents at the highest feasible level (the maximum tolerated dose) and rarely at less than 1/10 this dose in order to maximize the statistical significance ofany increase in tumors that might result. Recently, much experimental work has focused on the mechani by which site-specific toxicity arising from chronic administration at the maximum tolerated dose may lead to carcinogencity. Extrapolation ofhigh-dose results to low doses does not take into consideration the possibility ofa threshold dose, below which the carcuiogenic potency is much lower or even zero. Threshold dose-response phenomena may be much more relevant to the etiology of cancer in the rodent bioassays than was earlier realized; if so, there is an even greater need for establishing dose-dependent potency estimates. The emphasis of this review is on the interspecies comparison of high-dose potencies. The qualitative and quantitative comparison ofcarcinogenicities between mice and rts and between rodents and humans isreviewed and discussed.
animals the carcinogenicity ofthe chemical would be detectable above background at the higher but not the lower dose. The maximum dose tested (MaxD) is usually set at the maximum tolerated dose (MTD), the highest dose that does not cause death, organ toxicity, or severe weight loss during a chronic dosing regime of several months' duration. The other doses in the bioassay are usually chosen as some fraction of the MTD, and are only rarely as small or smaller than MTD/10. One issue surrounding the fact that the bioassays are conducted at high doses is that the shape ofthe dose-response curve at much lower doses is not necessarily predicted by the dose-response near the MTD. Although we return to this point when discussing possible mechanisms of chemical carcinogenesis, the high-dose to low-dose extrapolation is not the subject ofthis review. It is important to acknowledge that there are two separate aspects of determining human risk from data taken in rodent bioassays, namely a) the high-dose/low-dose extrapolation and b) the interspecies extrapolation ofhigh-dose potencies. We emphasize that here we are addressing mainly the second aspect, in which carcinogenic potencies obtained in rodents are used to predict potencies in humans exposed at similarly high doses.
Which Chemicals Are Carcinogens?
Twenty years ago, there were not many agents that were known to cause cancer in either laboratory animals or man. It was considered prudent to impose strict regulatory restrictions on the use ofall such chemicals. It was generally anticipated that few new carcinogens would be discovered; certainly the percentage of chemicals tested for carcinogenicity that turned up "positive" was low at that time. In one study of 120 pesticides and industrial chemicals given orally for 18 months at the MTD, only 11 ofthe chemicals tested (9 %) caused cancer in mice (1) . This oft-quoted study has been cited as evidence that chemicals can be given at near-toxic doses without automatically trigering carcinogenicity secondary to toxic effects (2) . Although we agree for other reasons (see above) that it is reasonable to test at the MTD, the results of Innes et al. (1) bear further analysis. In fact, among the 109 chemicals not found to be carcinogenic, 20 (17%) were considered by the authors to require further investigation. Ames and Gold (3) stated that this study was less thorough than modern protocols and pointed out that only one species was tested. We also note that even with the identical protocol, some additional chemicals would most likely have produced tumors if the duration of exposure or even observation had been extended to 24 months.
In the intervening years, the available information has increased. We now know ofhundreds ofchemicals that can cause cancer in animals; many are impossible to ban, and some are of natural origin (4) . New cancer bioassays involve dosing animals daily for a period on the order of a lifetime: 2 years for rats and mice. More animals are used, both sexes of two species are exposed, generally higher doses are administered, and the effects at several dose levels (usually at least three) are included (5) . Of 266 chemicals considered to have been adequately tested in rats and mice of both sexes at or near the MTD in 2-year protocols by the National Toxicology Program (NTP) and the National Cancer Institute (NCI), 51% percent were found to be positive for carcinogenicity in at least one sex-species group; the evaluation of positivity was according to the conclusions stated in the NCI/NTP Technical Reports (6, 7) .
Almost the same data has been looked at in a slightly different way by Byrd et al. (8) . Given that all experiments consisted ofat least two dose groups and one control group, their criterion for positivity was an increased site-specific tumor incidence with p < 0.025 for an individual dose group, orp < 0.05 for any two dose groups (if one or both failed to meet the more stringent criterion), by Fisher exact test. Out of a total of 290 chemicals tested by the NCI/NTP and included on their Carcinogenic Bioassay Database System (CBDS) magnetic tapes as of December, 1987, 50% were positive in mice, 52% were positive in rats, and 71% were positive in at least one sex-species group. Ifthe tumorbearing male and female animals were combined before testing for statistical significance, then the fraction labeled positive would be greater still. We note also that because the number of animals per dose group is usually 50 or 100, tumor incidences below the level of 5 % may go unobserved or be discounted due to lack of statistical significance. Ifthe sensitivity were improved, for example, by using 1000 animals per dose group, many more chemicals might be shown to be carcinogenic. However, since the statistical criteria for positivity used by Byrd et al. were rather liberal (8) , it is likely that many ofthe statistically significant differences in tumor incidence were false positives, reflecting merely random variability (9) (10) (11) .
Along with an increase in the power of animal tests to identify carcinogenic substances, there has been a parallel improvement in the methodology for detecting trace amounts of chemicals. Thirty years ago, an upper limit on sensitivity of a few parts per million was common. It seemed likely that any carcinogen found in foodstuffs at that level would pose a significant risk and remedial action should be demanded. So few chemicals in commercial use were known to be carcinogens that it seemed that they could be avoided and replaced by alternatives. This was the rationale that led to the inclusion of the Delaney Clause in the Food Additive Amendments of 1958 [reviewed by Hutt (12) ]. If a few turned out to be essential or in unusual demand, then special legislation could be enacted, as later happened for saccharin. But we can now detect trace contaminant levels to one part in 1012 in some cases. As a result, in typical drinking water supplies, at least 20 chemicals known to be rodent carcinogens are well above the detection level, and many other chemicals are present for which information as to carcinogenicity is either unavailable or inadequate. Because we find it technically or economically unfeasible to remove all such chemicals from our drinking water, our diet, and the environment in general, it becomes necessary to rank chemicals according to the risk they are expected to pose to human health. One means of achieving such a ranking is by measuring carcinogenic potencies in animals and finding some means of extrapolating these results quantitatively to humans.
It seems therefore unhelpful to classify chemicals as carcinogens or noncarcinogens, but to assume that all chemicals are carcinogenic and that some have too low a potency to produce a statistically significant increase in tumors with a given experimental protocol. This is a variation on a statement by Paracelsus: "All things are poisons, for there is nothing without poisonous qualities. It is only the dose which makes a thing a poison." [quoted by the Scientific Committee ofthe Food Safety Council (13) ]. Under this scheme, a chemical that is truly noncarcinogenic at any dose is a special case and would be called a carcinogen of zero potency.
The assumption that all chemicals may be carcinogenic only leads to a useful procedure if one can determine the quantitative carcinogenic potency for each chemical and an upper limit to the potency in cases where the potency is too low to be detected. In the present paper we review the work of our group and of others on the interspecies correlation of carcinogenic potencies, particularly between mice and rats. Further analysis is provided of the methodology, efficacy, and limitations for the use of rodent bioassay data in predicting human carcinogenic potencies. Gregory (14) and Dybing (15) have recently reviewed interspecies comparisons with respect to predicting carcinogenic risk in humans; we have attempted not to duplicate their efforts, and the reader is refered to these papers for alternative points of view.
Quantitation: Relating Carcinogenic Potency to Other Parameters
Currently, there exists no good alternative to animal bioassays for obtaining quantitative information on the carcinogenic potential of chemicals in any species. The animal bioassay data base contains information on the tumorigenic effects of almost 1000 PREDICTING THE CARCINOGENVICITY OF CHEMIC4LS IN HUMANS chemicals. Although many chemicals have been tested for their ability to induce point mutations in Salmonella strains, and some have been assayed for other genotoxic, cytotoxic, or preneoplastic effects in a variety of short-term in vitro and in vivo tests, a quantitative method that begins with data derived from such tests and ends with a prediction of carcinogenic potency in humans has not yet been put forward. As knowledge of the molecular mechanisms of action of genotoxic carcinogens increases, short-term tests for genotoxicity should be designed to reflect the importance of different genetic end points in primary carcinogenesis (16) .
Research into the mechanisms of action of nongenotoxic carcinogens, along with novel experiments to determine their likely importance in animals or humans when moderate levels of endogenous or environmental initiators are present simultaneously, should point the way toward development of yet another generation of short-term tests. For example,knowledge that the tumor promoting action of 12-O-tetradecanoylphorbol-13-acetate (TPA) is mediated by activation of protein kinase C, which is a key component of transmembrane signal transduction relevant to the regulation of cell division, suggests that other tumor promoters might function by disrupting the same or related pathways of signal transduction (17) . It is conceivable that a simple in vitro test for promoters having such activity could be designed (18) .
Although there is good reason to be optimistic that short-term tests will someday provide the means for predicting the potency of human carcinogens, that day has not yet arrived (19) . It is clear that positivity on short-term tests for genotoxicity is highly correlated with carcinogenicity for the known human carcinogens: ofthe 23 chemicals and chemical combinations designated by the International Agency for Research on Cancer ([ARC) to be causally associated with human cancer, all but two (asbestos and conjugated estrogens) are genotoxic or are expected to be so on the basis of chemical structure (20) . But because of the paucity ofdata on human carcinogenicity and on definitive human noncarcinogens, there is only a very limited opportunity for attempting to calibrate short-term test results to these data. The emphasis has thus been on demonstrating agreement between shortterm tests and rodent carcinogenicity bioassays, both qualitative (21) (22) (23) (24) (25) and quantitative (26) (27) (28) (29) (30) . When the specificity of existing short-term tests at distinguishing between rodent noncarcinogens and carcinogens is analyzed, their power as predictive tools is less impressive than when sensitivity to rodent carcinogens is the only criterion (31, 32) . The finding that a large proportion of known rodent carcinogens are not genotoxic in short-term tests (23) underscores the necessity of developing short-term tests for nongenotoxic carcinogens. Since the analysis ofthe efficacy of all short-term tests is focused primarily on existing carcinogenicity data obtained in long-term animal studies, it is important to try and ascertain the best methods for retrieving information relevant to human carcinogenic potency from the bioassay data and to quantify the expected uncertainty in both the upper and lower bounds of such potency estimates.
Dose Conventions
Before testing for carcinogenicity was even contemplated, the testing of chemicals for toxic effects in animals was used for predicting toxic effects in humans. There are several ways to formulate the dosage administered for the purposes of such a comparison; see Calabrese (33) for a comprehensive review. The usual convention for normalizing dose is on a weight/weight basis; weight ofthe chemical divided by the weight ofthe animal. The reporting ofdose as a fraction ofbody weight does not imply that equal effects will be produced in two species ifthe dosage is scaled according to their weights. It is merely a convention and no more. However, this convention arose out of an expectation that the amount of chemical (expressed as a weight) wh required to achieve the same toxic effect in the heavier animal that is produced in the lighter animalby the amount w, iswn = w,(W.1 ), where Whand W are the weights of the heavier and lighter animals, respectively. A crude surface area correction is sometimes applied to the usual dose convention, such that the prediction for equal toxicity becomes wh = w,(Whl )92A . Ifinstead of the weight ofchemical we now use the convention in which dose is normalized on a weight/weight basis, i.e., dose d = w/lW then the surface-area-corrected prediction for equal toxicities becomes d = ,(W^/ W)'k An excellent interspecies correlation of minimal toxic doses was found for a series of 18 chemotherapeutic agents when the scaling factor was based on body surface area (34) . It was later realized that these chemicals are not readily metabolized by liver microsomal enzymes, and thus interspecies variation in such metabolism was not a major factor in the comparison (35) . Calabrese (33) concludes that in the absence of an efficient drug-metabolizing system, a drug's toxic effects are similar among species when the dose is scaled on the basis ofsurface area. However, another study of the acute toxicity of 400 chemicals revealed a good correlation with body weight (and not body weight to the 2/3 power) for more than 80% of the chemicals (36) . One might expect that for all chemicals within a given chemical class, the same dose convention would be appropriate to the interspecies comparison of toxic effects.
For carcinogenic potency, there exists a similar uncertainty as to which dose convention to use to simplify the interspecies comparison. In addition, since cancer typically develops as a result of long-term exposure to a carcinogenic substance, the factor of time enters the determination of potency. With daily administration, a steady-state coficentration of the active agent in the animal's system is approached. There is no obvious reason that the same interspecies scaling factor should apply here as is relevant to acute effects such as the response to a single dose of a drug. In the present paper, for simplicity, we refer to the daily dose administered on a weight/weight basis (typically milligrams per kilogram) for the lifetime of the animal or human. Use of this convention, by analogy with that described above for acute toxicity, does not imply that weight scaling always produces a 1:1 correspondence between effective carcinogenic doses in two species. For example, B6C3F1 mice and F344 rats demonstrated a better correlation of carcinogenic potencies with surface area scaling than with weight scaling, but for the same (B6C3FJ) mice strain and a different (Osborne-Mendel) rat strain the opposite was true: weight scaling yielded a higher degree of potency correlation than did surface area scaling (37) . Based upon recent work on physiological parameters controlling pharmacokinetics, Travis et al. have suggested that the optimum interspecies scaling factor (for this chemical and this organ) is in fact closer to weight to the UA power (38) . We consider that the best estimate for an interspecies scaling factor is an unknown, to be determined from existing data. In the risk-assessment procedure the most accurate scaling factor ought, in principal, to be adopted on a case-by-case basis; unfortunately, relevant information is only rarely available.
Indexes of Carcinogenic Potency
The data from long-term bioassays can be analyzed according to any one of a number of dose-response models resulting, for each experiment, in a measure of the chemical's carcinogenic potency. One standard index ofcarcinogenic potency, is (3, which here we take to be the slope ofthe dose-response relationship at the dose of interest (37, 39) . In principle, the potency can be a function ofdose d: (3 = R(d). In the limit where (3 is constant, a formula can be derived for the fractional probability P ofproducing at least one tumor at a given site:
where et is the background rate of animals with tumors at that site. This formula was specifically constructed to reach but not exceed P = 1 at high doses and to have the (linear) low-dose limit P = ca + (d, which means that ( is the initial slope ofP versus d (39) . The model was orginally derived in terms of tumorbearing animals rather than animals with tumors at a specific site, but the form is the same in either case.
Useful bioassay data fall approximately in the range of 10 to 95 % tumor incidence at the most sensitive site. Gold and coworkers have chosen an expression for potency that emphasizes the region where data are available. Their index of potency is 1/TD50, where TD50 is defined as the dose that, ifadministered daily for the "standard lifespan" ofthe species, "will halve the mortality-corrected estimate of the probability of remaining tumorless [ata given site] thrughout that period" (40) . To derive this index, they used a mathematical model which, like Eq. (1), assumes linearity at low doses. Indeed, in the absence of intercurrent mortality (i.e., deaths during the term ofthe study), the parameter (3 is equivalent to (hn 2)/TD50 (40) . Because I/TD50 is defined in terms ofa dose, the TD50, which falls in the middle of the range for which there are useful data, is fairly independent ofthe model used in its derivation. In most cases the TD50 turns out to be close in value to the maximum administered dose, which approximates the MTD (41) (42) (43) and dimethylnitrosamine (46) , and N-butyl-N-(4-hydroxybutyl)-
There is a now a substantial amount of evidence from animal experiments indicating that cell proliferation is sometimes associated with the process of chemical carcinogenesis when chemicals are administered at doses near the MTD. The degree of local cell proliferation is apparendy a good index for cell killing; indeed, it has been suggested by Swenberg (48) that, whereas the MTD as currently determined often results in a 20-fold increase in cell proliferation in some organ, the MTD ought to be redefined as that dose which results in no more than a 3-or 4-fold increase in cell proliferation in any organ.
The possibility now exists that threshold phenomena for carcinogenicity may be explained by increased cell proliferation. In rats given 2-acetylaminofluorine (2-AAF), which has a hockey-stick-shaped dose response for mouse bladder tumors with the number of tumors increasing sharply above 60 ppm, bladder hyperplasia also increases nonlinearly above 60 ppm (49) . Similarly, investigation ofthe tumorigenicity of saccharin revealed that the threshold dose for bladder tumors in the male rat is explained by the dose-response for precipitation ofsilicates in the urine; female rats do not form these silicates in response to saccharin and are likewise not induced to form bladder tumors (49) . A possible implication offindings such as these is that for chemicals that produce tumors in a given organ by a mechanism unrelated to genotoxicity ( 
Understanding Biological Mechanisms of Carcinogenesis
The fact that interspecies variation in biological processes plays an enormous part in carcinogenesis can be seen by a reductio-ad-absurdium argument due to Peto (54) . Suppose that all tissues ofa human and a mouse were equally likely to develop neoplasms when, for example, bombarded uniformly by ionizing radiation. The probability of getting a tumor in any given time period is therefore greater for a human han a mouse (simply because there is more tissue) by the ratio Mh/Mm, where Mh and Mm are the masses of the human and the mouse respectively. Now the incidence ofcancer is well known to increase with age by a power ofthe time (55) (56) (57) , the exact power depending upon the type of malignancy. Let us assume the fourth power. Then the probability of developing a tumor during the mouse's lifetime T. is less than that of developing one during the human's lifetime Th by (Tm/lTh)4. Therefore we expect that the lifetime incidence ofradiation-induced cancer in mice will be less than that in humans by a factor of approximately (Mm/Mh)(Tm/Th)4 z (30 g/70 kg)(2 years/70 years)4 = 1/109.
Yet evidence suggests that the actual mouse/human ratio for radiation-induced cancer is closer to unity (58) . We all know the answer to this. paradox in general terms: it is because the sequence ofbiochemical and physiological events leading to carcinogenesis proceeds more rapidly in mice than in humans. The rates of cell division are faster in smaller animals. The cardiac output of a mouse is 100% of its total blood volume per minute, whereas that ofa man is only 5% ofhis blood volume per minute (59) . These and other factors, both understood and unknown, result in differential probabilities and lag times for tumor induction, and different dose responses.
The problem facing us is to find the best estimate that we can of the actual potency ratio for chemical carcinogenesis between experimental animals and humans. Clearly, when estimating a given chemical's carcinogenic potency in humans from its potency in rodents, all available information on differences in the rates and mechanisms of its absorption, distribution to target organs, biochemical transformation to active or inactive metabolites, clearance, and mechanisms of carcinogenicity should be taken into consideration (60) . Attention to differential pharmacokinetics may be of especial importance to the low-dose extrapolation (61 (64, 65) and chemically induced bladder cancer in rats (66) . Furthermore, experimentation based upon such models has permitted elucidation ofthe mechanism ofaction ofat least one nongenotoxic, lowpotency carcinogen: it was concluded that the tumor-promoting attributes of sodium saccharin are due to increases in the initiated cell population and mitotic rate (but not the probability ofinitiation), and that these effects are secondary to cytotoxicity (67, 68) .
Such advances in understanding the cellular phenomenology of carcinogenesis should result in the development of sensible, short-term, in vivo animal tests that might predict low-dose carcinogenic potency in humans with a higher degree of accuracy and at substantially less cost than a lifetime bioassay. There is also a need for studies designed to determine the low-dose response to tumor promoters in long-term animal bioassays in which the animals have been pretreated with an initiating agent (69) . Such studies might then provide a calibration scale for past and future short-term in vivo initiation/promotion experiments, such as thoseproposedby Pbtter (70, 71) or by Kunz et al. (72) .
But for the time being, it must be kept in mind that the existing methods for modeling do not predict the carcinogenic potencies ofchemicals; rather, they offer a means ofpredicting the number oftumors produced and their rate ofappearance given a fixed set ofvariables such as the number ofnormal and initiated cells and the rates of mitosis, differentiation, and death. Many of these variables are expected to depend upon the particular chemical under test, the dose at which it is administered, and the background ofinitated cells in the organ under study. We do not know of any published report in which carcinogenic potency was derived from an experimental system designed around a biologically based model, and which is directly applicable to interspecies extrapolation. We anticipate that future attempts will entail calculation ofan interspecies potency factor for each class of chemical carcinogens, based upon the physiological parameters discussed above.
Our present inability to predict carcinogenic potency given detailed pharmacokinetic data and information as to genotoxicity on short-term tests reflects a general lack ofunderstanding ofthe mechanisms ofcarcinogenesis. Amid much enthusiasm over the association of ms oncogenes with neoplastic cells, there has been a question as to whether mutation of a ras proto-oncogene is causative for the development of some human malignancies or is a consequence of them (73) . This problem may have been solved by recent analysis of ras mutations in the leukemic cells ofrelapsed patients who had undergone chemotherapy. Four patients in whom mutations in ras genes were detected upon presentation no longer exhibited ras mutations upon relapse following chemotherapy-induced remission. It now appears that the bone marrow precursors ofthe leukemic white cells did not contain the ras mutation, which therefore must have arisen in a later stage ofthe disease (74) . Other theories continue to be formulated and revised. The hypothesis that all carcinogens are mutagens (21) has been replaced by one which suggests that all initiators are genotoxic (75, 76) and that tumor promoters are agents which directly or indirectly increase the mitotic rate ofthe initiated clonal cell population (66, 64) . It has been proposed that the carcinogenicity of nongenotoxins, including those that act only as tumor promoters or incomplete carcinogens, is secondary to a) site-specific cellular toxicity (4, 77) , perhaps mediated by oxygen radicals (78) orb) hormonal or immunological effects, including stimulation of cell proliferation.
The phenomenon oftumor progression is still not well understood, although it appears that this, at least for some cancers, may be a stage affected by environmental carcinogens. As discussed by Higginson, latent carcinoma of the prostate occurs with the same high (10%) incidence in 75-year-old black and white men in the U.S. and in Japanese men, whereas active prostatic carcinoma which is then diagnosed is much rarer, occurring in the ratio 60:30:1 in these samepopulations (79) . , the average yearly age-adjusted death rate for prostate cancer was 0.0232 % in U.S. males and 0.0051% in Japanese males.) Differences in the incidence ofthe active form are thoughtto reflect environmental (perhaps dietary) influencesontherateoftumorprogression. Japanese immigrants to the U.S. have amarkedly higher death rate from cancer of the prostate than those remaining in Japan (80) .
Heritable changes inDNAmayonly beamong the first (andlast) of a sequence of events necessary to the creation of a typical cancerous cell. There is even aquestionas towhether single-base mutation, which is the lesion detected in the typical bacterial mutagenesis assay, is on the pathway for creation of most neoplasms affecting internal organs. It has been pointed out that persons with the inherited syndrome xeroderma pigmentosum (XP), who suffer from oneofseveral genedefects resulting inlack ofanenzyme activity necessary forexcisionrepairofmismatched basepairs, do not appear to have an increased incidence ofinternal cancers (81 ) . This in spite ofthe factthatXPpatientsare more than 1000 times likeliertodevelop UV-induced skincanceronexposed areas ofthebody than normal persons. Conversely, persons with Bloom's syndrome, an inherited disorder involving chromosomal fragility (resulting in frequent rearrangements and other aberrations), have an extraordinarily high age-adjusted death ratedueto various typesofcancer (81 ) . Outof 103 Bloom's syndrome patients diagnosed in a 30-year period, 28 malignant neoplasms weredetected atamean ageof2O.7 years (82). Cairns has concluded that simplebasepair mutations are not likely tobe the rate-limiting components inmost human carcinogenesis, and that major genomic changes such as rearrangements anddeletions are probably more important (81 ) . It has also been noted that the presence of mutagenic substances in the urine of smokers (62) "results in only a moderate excess of urinary and pancreatic cancers and inno large excess ofleukemias, lymphomas, or solid cancers at other sites distant from the respiratory tract" (83) .
Accordingly, since we are as yet without a method for deriving carcinogenic potencies from biological first principles, it is useful to look at each of the indirect procedures listed above. This raises interesting and important questions in scientific inference, and as in all such problems, it is vital to get the assumptions straight. The first assumption is that a substance which is a carcinogen in one person is also a potential carcinogen in every other person. We make the further assumption that the carcinogenic potency is about the same in each case, although we know that this is an oversimplification (see below). Since cancer is multicausal, the effect ofagiven carcinogen maybeaffectedby the previous or subsequent actions ofother agents. Ifone is aware of what the other predisposing factors or agents are, then the assumption is modified to apply only to persons with similar histories of exposure. In the most obvious example, cigarette smokers are found to have higher incidences of many types of malignancies, andto become progressively more susceptible with increasing alcohol consumption (84) , which suggeststhatsmoking confers enhanced sensitivity to chemical carcinogenesis.
Intraspecies Heterogeneity of Responses
Although human genetic heterogeneity is a real and largely uncontrollable variable in the scaling of carcinogenic potencies from laboratory animals to man, there is evidence to suggest that the differences in susceptibility are not large, except for a small percentage of people who are highly vulnerable. Knudson has suggested that there might exist four groups of persons with qualitatively different susceptibilities to cancer (85) . The first group is impervious to environmental effects; the second group has what we consider to be a "normal" susceptibility to carcinogenesis via chemical agents, viruses, and other environmental factors; the third group (which includes persons with XP and Bloom's syndrome) has a genetic susceptibility to environmental carcinogens; and the fourth group has an inherited gene (or developmentally sustained somatic genetic defect) that is equivalent to the first irreversible step along the path toward a particular cancer (85) . Knudson (86) . More recently, it has been estimated that at least 75 to 80% of cancers are the result of environmental influences, which include smoking, alcohol consumption, hormonal factors controlled by behavior (such as age at first pregnancy), diet, viruses, ionizing radiation, and chemical carcinogens from sundry sources (79, 84, 87) . The fact that, except for rare cases of identifiable individuals at high risk, geographical clusters of cancer attributable to environmental causes seem to be distributed over the exposed population, rather than being concentrated in families or within ethnic groups, suggests that there is a definable upper limit on the range of susceptibilities in the population at large.
A review of human phenotypic variability with respect to the metabolism of several classes of carcinogens and pro-carcinogens showed that in most cases the spread in rates of enzymatic deactivation and activation was within an order of magnitude. For one case in which the distribution was more extreme (three to four orders of magnitude for debrisoquine oxidation), there was also a marked variation among seven rat strains (88) . The finding of huge phenotypic variation in some biochemical activities relevant to carcinogenesis is not, however, an indicator ofprevalence. In the example noted, 75 to 80% of humans were found to fall witiin a 10-fold range of debrisoquine oxidation activity. It is also not unreasonable to imagine that, given the overall biochemical heterogeneity of our species, an individual might be more predisposed than average to develop a particular type of cancer and less predisposed to develop another. We expect that the net variability in susceptibilities (within the "normal" population) in each case to be less than the expected error in the scaling of carcinogenic potencies from rodents to humans, which is predicted to be accurate only within an order of magnitude on average, and is sometimes accurate only to within two orders ofmagnitude (39, 89 9% to more than 50%. It has been pointed out that the usual laboratory regime results in overfed, overweight animals with endocrine disturbances and other abnormalities, and that these animals are therefore unsuitable for carcinogenicity testing of chemicals (91, 92) . It is possible to affect the background tumor rate for laboratory rodents by altering this regime; an easy method is to reduce caloric intake to 75 % of what is consumed during ad libitum feeding. In one such study of outbred Swiss mice, the incidence of total malignant tumors in otherwise untreated animals was lowered from 11 to 4.4% in males and from 14 to 4.4% in females (91, 93) . (Results of the Conybeare study are included in Table 2 , along with some human cancer rates, for comparison with the NTP control group rates.) In a similar study involving inbred rats, the incidence of malignant mammary tumors was reduced from 25 to 3.8% in females; pituitary adenomas dropped from 24 to 3.8 % in males and from 48 to 10% in females (94) . These observations suggest that the rates oftrue spontaneous neoplasms in rodents are similar (within a factor of 2) to those in man when diet is given proper consideration as an environmental variable.
It seems reasonable to hypothesize that the potency of a carcinogen when expressed as a fraction or multiple ofbackground effects will be similar in rodents and humans. We have never seen explicitly stated the argument that comparison of background tumor rates implies that KhR 1, but it has been frequently implied and used. One of the major inadequacies of this hypothesis lies in its implicit assumption that carcinogenesis via environmental agents is mechanistically similar to spontaneous carcinogenesis. This subject is not yet close to resolution. A less (93) , tabulated by Roe (91) . CDoll and Peto (84) . formidable problem is the discrepancy between animal and human data due to the reporting only of diagnosed human malignancies and not all tumors. Neoplasms that were undiagnosed prior to death and/or did not lead to death are not normally counted.
For the sake of conformity with available data on the occurrence of human neoplasms, one could remove from consideration latent malignancies in rodents that do not lead to death and are detected only during routine biopsy, such as testicular tumors in aged male rats. Alternatively, one may include latent malignancies to maximize statistical significance and then compensate for the elevation ofthe observed potency so as to derive an interspecies conversion factor applicable to active neoplasms.
Interspecies Differences in the Tumor Site of Highest Sensitivity
If the background rates of site-specific neoplasms are similar in animals and humans and if malignancies induced by a given chemical agent occur at the same sites in animals and humans, then the interspecies extrapolation would be straightforward. Unfortunately, in reality things are not so simple. Carcinogens often induce neoplastic responses at different sites in different species. Another difficulty in making the animal/human comparison is that most human data on the effects ofexposure to chemical carcinogens are for malignancies at only the most sensitive site. This does not imply that other sites are unaffected. For any study of carcinogenesis in humans or animals, choosing the site of the dominant neoplastic response will confer higher statistical sensitivity on the result than would choosing any other site. A bioassay is more sensitive still ifan increase in an unusual tumor is found, i.e., one that rarely occurs spontaneously. There is also some evidence to suggest that the interspecies (mouse/rat) correlation is stronger for chemicals which produce rare tumors in rats than for those which produce only common tumors (95) .
Initially, scientists often made the assumption that a chemical which causes cancer at a given site in one species is likely, in the absence of information to the contrary, to cause cancer at the same site in other species. Moreover, it seemed to make sense to look for cancer in those organs which manifested lesions in response to toxic insult. For example, when aflatoxin B1 was shown to cause hepatic necrosis in poultry, pigs, and calves, it was immediately tested for hepatocarcinogenic activity in rats [reviewed by Busby and Wogan (96) ]. It is now well known that aflatoxin B1 is a highly potent rodent carcinogen. Although a clear association between hepatocellular cancer and aflatoxin intake was found in the earliest studies of human populations exposed to high levels of aflatoxin Bl, interpretation was complicated due to frequent simultaneous infection with hepatitis B virus. But several studies published since 1984 have specifically addressed this question of confounding; it has now been established that aflatoxin B1 ingestion is a high risk factor for liver cancer, above and beyond hepatitis B infection (97, 98) . Vinyl choride is another example ofa chemical which was known to be toxic to the human liver before being studied for possible hepatocarcinogenicity. In three rodent species a rare liver tumor (angiosarcoma) has been produced by vinyl chloride inhalation (99,100); angiosarcoma has also been found in humans among vinyl chloride workers (IOI).
We are interested in the overall increase in cancer in humans due to exposure to a given chemical carcinogen, yet often only the incidence at the most sensitive site is recorded. Is it possible to predict the excess cancer incidence at all sites given the excess incidence at the most sensitive site? If so, then an approximate correction factor may be obtained as follows. It is well known that the principal site ofcancer due to smoking is the lung. In the U.S. in 1985, there were 122,700 lung cancer deaths. Ofthese, approximately 112,240 were due to cigarette smoking (102) . But (103, 104) , and in a recent mortality study of vinyl chloride manufacturing workers, angiosarcomas were found to make up half of the total liver tumors (105) .
Crouch and Wilson looked at the ratio ofthe sum ofpotencies at all sites to the sum ofpotencies at the most sensitive site for all chemicals which had been tested by the NCI/NTP as of 1978 and which had been judged to be positive for carcinogenicity; they foundthatthe ratio ofthe sums was approximately 2 in most cases (unpublisheddata). Forevaluatinganinterspeciesconversionfactor, they suggestedusing only thedata forthemost sensitive site in both species; statistical validity is improved, andthe factors oftwo tendtocancel (39) . A factoroftwois small, inany case, compared to other uncertainties inherent in the interspecies correlation.
In practice, the mouse/rat and rodent/human interspecies comparisons do correlate more closely when the tumor site is allowed to vary to accommodate the most sensitive site. In a survey of58 chemicals, Tomatis et al. found a correlation between induction ofliver tumors in mouse and induction oftumors at any site in rat and hamster (106) . This qualitative correlation was stronger for chemicals that also induce tumors in mice ofboth sexes at sites in addition to liver. It was later noted that if routes of exposure are similar for animals and humans, then the target sites are more likely to coincide, although more sites in animals are usually affected (107) . It was therefore proposed by these authors that induction of any animal tumor should be considered as evidence for possible human carcinogenicity, even if tumors at that particular site have not been shown to occur in humans. A dramatic argument in support ofthis approach can be found by examining the history of the known carcinogenicity of benzene. This chemical has long been associated with leukemia in humans, but was not observed to produce neoplasms in rats or mice. Now recent studies have shown statistically significant tumor incidences at numerous sites in rodents exposed by ingestion or inhalation (108) and gavage (109) . An examination ofhuman data for effects at multiple sites revealed a possible association with tumors at only a few ofthe sites affected in rodents: multiple myeloma and lymphatic and hematopoietic neoplasia (110) .
For some time, the above argument has been the basis of regulatory philosophy, e.g., as described by We believe that it makes far more sense to discuss a chemical's carcinogenic potency than the probability or possibility ofits carcinogenicity. In cases where the observed increase in neoplasms is not statistically significant, an upper limit to the potency can be derived. The following example illustrates the importance of this approach. Ten years ago, evidence for the carcinogenicity of benzene was considered inadequate or inconclusive. The observation was made that since benzene-induced leukemia in humans occurred at only a very low incidence, studies in animals could not be expected to produce a statistically significant increase in leukemia or any other cancer unless large numbers of animals were exposed (118) . This analysis tacitly assumed that the potency in animals was ofthe same order as that in humans. Up until that time, no adequate study (lifetime exposure, sufficient numbers, high enough doses) of benzene's carcinogenicity in animals had been undertaken. It has been demonstrated since that benzene causes cancer in rodents at rates similar to what was expected from the data in humans (108, 109, 119, 120 and ln(Kh,,), the probability of finding a value x is given by
where the standard deviation a is to be determined. I-e-----i (27) endometrium ( tunately, the detailed calculations upon which these estimates were based are unpublished, so that we are unable tojudge their reliability. In Figure 3 (121) . But in fact, the proposition has not been disproven for any chemical for which adequate data are available for both human and rodent exposures. However, for most chemicals the above proposition remains untested. There may be chemicals for which the rodent bioassay is a poor predictor of human carcinogenicity, with potencies in humans (ifthey were measured) such that KhR> > 1 orKhR< <1. We know ofno such chemicals, but this does not mean that they do not exist.
Negative and Inadequate Epidemiology
When we attempt to compare animal and human carcinogenic potencies, and in particular, when we try to understand the causes of any discrepancies, we are impressed by the importance of "negative epidemiology," i.e., studies where no statistically significant effect was observed. The absence of a significant effect does not, ofcourse, prove that the chemical does not cause cancer; rather, any increased incidence is too small to be deter- iimal Data mined unambiguously under the given exposure conditions. It becomes useful to express the result as an upper limit to the number ofcancers that could have been caused, and then, ifthe exposure level is known, to derive an upper limit to the carcinogenic potency, and therefore an upper limit to Kh, the lower limit being zero. Crouch and Wilson introduced this concept in their comparisons (39) , and it was also used by Allen et al. (89) . We believe that there are many more chemicals to which it might be applied. For example, contact with chlordane and heptachlor did not increase the age-corrected lung cancer mortality in a group oftermite control workers, who were more likely to incur higher exposure to these agents than were any other segment of the population (122) . Although this study did not correct for smoking, an estimated upper limit on potency might still be extracted.
We shall illustrate next how a probable limit on human carcinogenic potency can be derived from inadequate epidemiological results. Enterline and Viren have reviewed the evidence for the association between kidney cancer and exposure to gasoline fumes (123) . They concluded that the bulk of evidence from cohort studies ofpetroleum-refining or distribution personnel indicates a small excess of kidney cancers among older workers exposed for long periods. Let us do a back-of-theenvelope calculation of the upper limit to the potency ofgasoline fumes for induction ofrenal cancer, based on data cited by these authors. Exposure levels were drawn from a study ofthe ambient concentration ofhydrocarbons at gasoline marketing terminals; the mean value of the concentration as determined by personal samplers (worn 27 hr) was found to be 5.4 ppm (124) . The highest renal cancer death rate reported for this industry was 0.15 % for workers who had been exposed for 20 years or longer; this excess was statistically significant (125) . The expected mortality rate from renal cancer for the whole U.S. population was 0.071%. Assuming an average molecular weight of80 daltons for the volatile constituents, then for a 70 kg man working 8 hr with inhalation volume 20.8 L/min, the daily dose would be 2.8 mg/kg. Making the conservative assumption of a linear dose response between 0 and 2.8 mg/kg-day, then the potency (3 = (0.0015-0.00071)/(2.8 mg/kg-day) = 2.8 x 10-4 (mg/kg-day)'. (For simplicity we neglect correcting for length ofworking life, which would result in a lower predicted potency.) For calculation of a corresponding carcinogenic potency in rodents, we turn to a lifetime study in which rats and mice were exposed to volatilized gasoline for 6 hr/day (126) . A dose-related increase in renal cancer was found in male rats; interpretation was simplified by the fact that the strain of rats used, F344, has a very low incidence of spontaneous kidney tumors. In dose groups of 100 animals each, at dose levels of0, 67,292, and 2056 ppm there were, respectively, 0, 1, 5, and 7 malignant neoplasms. Because the gasoline was vaporized to completion by heating, this study is not a perfect model for the human exposures. Adjusting the molecular weight estimation to 128 daltons to reflect the mostly Cg composition ofcommercial gasoline, and assuming a weight of0.5 kg and an inhalation volume of0.10 L/min, the daily dose was 120 mg/kg. Since the response is essentially linear in the range of 0 to 292 ppm, we calculate the potency as (3 (0.05 -0.0)/(120 mg/kg-day) = 4.2 x 10-4(mg/kg-day)-'. ( We assume here that there was one neoplasm per rat. Ifthis was not the case, then the incidence rate would be lower, as would the potency estimate.) In Figure L4 , we have added the data pointjust calculated to a figure published originally by Crouch and Wilson (39) . With (128) .
RaVMouse Chemical Carcinogenicities
Ofthe chemicals that have been tested in aninals, there are few for which reliable information as to human carcinogenicity exists. Many more chemicals have been tested in two rodent species, and hence there is a greater opportunity for performing either qualitative or quantitative interspecies comparisons ofcarcinogenicity. Most assays are performed in rodents, primarily because of their relatively low cost, ease of maintenance, and short lifespan. Their use may be fortuitously appropriate in some cases. In one study ofthe efficacy ofanimal tests in the qualitative (yes/no) prediction ofhuman toxicity for 20 chemicals, production oftoxic lesions was found to be twice as predictive when the test species was the rat or the mouse as it was when dogs were tested, and limited data showed approximately the same correlation for monkeys as for these rodent species (132) . Also on the basis ofcomparative toxicology, it has been suggested recently that the results in rabbits might extrapolate more accurately to humans than do results in rats (14) . Interspecies comparisons are facilitated when all the animal tests are performed uniformly. The NCI/NTP tests ofrats, mice, and hamsters conform to a standard protocol and therefore lend themselves to such comparisons (133, 134) .
The concordance ofpositive/negative results for carcinogenicity between rodent species has been examined by several authors. The fraction concordant is defined as the number of chemicals positive (for at least one site) in both species plus the number ofchemicals negative in both species, divided by the total number of chemicals tested. The NCI/NTP conclusions as to carcinogenicity for 266 chemicals adequately tested in both species were tabulated by Haseman and co-workers. With equivocal results excluded, 167/212 (76%) were concordant (6,7). Details of the correlations are reproduced from Haseman and Huffin Table 4 . These results were similar to those ofPurchase, who reported 82% concordance for a similar number of experiments (135), many ofwhich were included in the later study. Byrd et al. reanalyzed the raw data of the NCI/NTP data base. They found that 76% ofthe results were concordant when weakly significant (p < 0.025) dose-response trends were counted as positive. They also looked at how well positivity/negativity for benign or malignant mouse liver tumors predicts the presence/ absence of a carcinogenic response in the rat at any site: the overall concordance was 155/290 (53%) for benign liver adenoma and 165/290 (57%) for malignant liver carcinoma (8) . When all the available bioassay data tabulated in the CPDB (not limited to the NCI/NTP subset) was evaluated with respect to the same correlation (for malignant and benign tumors combined), Gold et al. (136) "Data reproduced from Haseman and Huff (6) . Equivocal outcomes were considered negative.
CPDB chemicals (136) . Of the 392 chemicals tested in both species, 226 were positive in at least one sex/species group; 76% of the rat carcinogens were positive in the mouse, and 75 % ofthe mouse carcinogens were positive in the rat. The overall concordance was 76%. Their criteria for positivity were the same as those of Haseman and Huff (6) . Experiments were classified as positive only if this was the published opinion of the author(s) of the original study; all other experiments were classified as negative. No quantitative dose-response or potency information was utilized. The predictivity of the ten most common target sites was also examined. Most sites were found to be good predictors of carcinogenicity at some site in the other species. The mouse liver and the rat urinary bladder/urethra were the least accurate predictors of a positive carcinogenic response in the other rodent species, and the predictivity for these sites is better for chemicals that produce tumors at another site as well. Chlorinated compounds were significantly less predictive than other mouse liver carcinogens: 45% (14/31) of those positive in mouse liver are positive in the rat, compared to 70% (60/86) of other compounds.
The concordance between rats and mice for a "random" sample of 25 chemicals drawn from the first 192 NCI bioassays was assessed independently by three groups of statisticians as part of a symposium on statistical problems; the results were introduced and summarized by Young (137, 138) . The NCI had previously declared 46% of the 25 chemicals to be positive for carcinogenicity in at least one sex/species group, with 76% agreement between rats and mice. All three groups of statisticians evaluated the studies on a positive/negative basis for carcinogenicity; potency information was discarded.
The first analysis, the decision-tree approach of Sanathanan et al., is the most satisfying on the basis of current biological understanding and what logic tells us to expect for the minimal manifestations of carcinogenicity. They found an overall agreement of 75% between rats and mice for tumors at any site (139) .
An even higher rate of agreement (83%) was achieved in the second analysis, by Louis, which combined data over both sexes and which included only malignant tumors (140) . Several noteworthy approaches to combining bioassay data were included, although the author's Bayesian combination of potency information from all chemicals is puzzling to us, since no adjustments were made on the basis ofchemical structrue or pharmacokinetic parameters.
The third analysis, by Bickis and Krewski, which is actually four separate sub-analyses, was apparently conceived as a means of pointing out to others what they ought not do (141) . Three of the authors' subanalyses rely on aggregate tumor data; in the remaining one, their Decision Rule III, data for specific lesions is tabulated (which has been shown by several other studies cited earlier to be the better approach). When mock historical control incidences were included, using Decision Rule III resulted in 96% (24/25) of the chemicals being found positive for carcinogenicity in both species; the remaining chemical was positive in rats and inconclusive in mice. Therefore the agreement between rats and mice was 100% (24/24) . When historical incidences were not considered, then with this decision rule only 14 of the studies gave adequate results, and only 6 of these (43%) were concordant in rats and mice. The authors make some interesting inferences about false negatives, false positives, and the pitfalls of using historical control data; none of the four subanalyses would be selected by anyone who, upon rational consideration, is seriously intent upon getting the most reliable information out of the rodent bioassay. We emphasize this judgment ofours because the figure of96% positivity has misleadingly been included in the abstract ofan introduction to these papers (137), referring to the "most liberal" decision rule ofBickis and Krewski (141) , which those authors themselves surely would never recommend. Their four decision rules were chosen as an exercise in illustrating the inadequacies of various simplifications, rather than as complete methods in themselves. Thus, Young (137) has manufactured a huge inconsistency in the analysis ofbioassay data, especially with regard to the decision of positivity, where none really exists.
Haseman has recently evaluated the entire analytical exercise in detail (142) . He points out that only very limited information was available to the statistical analysts: summarized site-specific tumor incidences, survival rates, and sex. All other information was withheld, including individual animal data, time-to-tumor, the identity of the chemical compounds, dose levels, tumor descriptions, and historical control data. Thus, the analysts were forced to rely upon nonstandard methods, which were less refined than what are normally used (142) . We note also that the results would have been more meaningful if the bioassay data for a much larger group of chemicals, say the entire NCI data set, had been subject to differential statistical analysis.
Quantitative Comparison (Rat/Mouse)
Many toxicologists have only considered a chemical to be a potential human carcinogen if it has caused a significant number of tumors in two different animal species-usually rats and mice. It is this set of chemicals for which one performs quantitative studies of correlations between carcinogenic potencies in the two species. This leaves open the question of the meaning of the results of a bioassay in only one species, or bioassays in two species where a statistically significant number of tumors was found in only one of the species. Is the chemical a carcinogen in one species and a noncarcinogen (i.e., has zero carcinogenic potency) in the other? Or is the failure to find evidence of carcinogenicity in the second species due to the limited sensitivity of the bioassay?
A statistical study cannot answer this question directly. But if we reformulate the problem in mathematical terms then it can be more readily addressed. We begin by positing a model in which the carcinogenic potency in species b can always be derived from that in species a to within a certain accuracy, according to the formula lnfb = lna+ InKba + E where e is a random error variable given by Figure 4A . For 19 of the 39 chemicals which produced a significant response in only one species, the results were in self-evident agreement with Figure  4A ; results for the remaining 22 are shown in Figure 4B . As before, the error bars encompass zero when the data are not statistically significant. (37) and that the correlations described are consistent with the hypothesis that the interspecies comparison of potencies is meaningful even for chemicals which produce strong evidence ofcarcinogenicity in only one of the two rodent species. However, Rieth and Starr have a different interpretation. They point to the interspecies correlation of MTDs as a source of bias (see below).
The findings of Crouch and Wilson (39) were confirmed by Gaylor and Chen (145) ; some of their results are reproduced in Table 5 . They compared the minimum TD5o values in rats, mice, and hamsters for all the chemicals in the original CPDB (129) as a function of route of administration and tumor site. They reported that the geometric mean ofthe ratio for mice/rats is 2.2 for diet and 1.13 for gavage. When the tumor site for both species was the liver, then the geometric mean (mice/rats) is 1.48 for diet. Inhalation gave the poorest interspecies correlation. When the route was diet, the ratio ofminimum TD5o values (mice/rats) was distributed such that 73% (138/190) were between 0.1 and 10, 1.6% (3/190) were greater than 100, and 0.53% (1/190) were less than 0.01. Similar ratios were found for the hamster/rat and hamster/mouse comparisons, although data was limited. The authors concluded that the variation in the minimum TD30 values across the three rodent species is generally within a flactor of 100 over a wide range of chemical compounds. Chen and Gaylor (146) 
Biases
Almost all experiments and correlations have biases, and it is important to discuss them. One obvious potential bias in the interspecies comparison ofcarcinogenic potency is that we normally look only at chemicals that have been found to produce a statistically significant excess of tumors in both species. this leaves open the question: Are there chemicals which are carcinogenic in only one of two species in which they were tested? If such chemicals exist, then the correlation is obviously limited. We addressed the question of the limit of sensitivity of the bioassay by plotting the carcinogenic potencies in mice versus those in rats, along with the associated statistical uncertainty, in Figure 4 . The error bars show that in every case-there is an upper limit to potency, but the lower limit sometimes encompasses zero ( Figure 4B ). From the magnitude of the uncertainties it was concluded that for these examples, the occurrence of statistically significant (p 0.025) evidence of carcinogenicity in only one species did not provide evidence ofexceptions to the correlation. However, Figure 4 only indicates consistency with the correlation; it does not prove that the correlation is in fact followed for every chemical. Some chemicals could be exceptions to the rule, but it is not possible to tell.
There has been no systematic attempt, to our knowledge, to study the biases in the qualitative (yes/no) interspecies concordance studies of the type conducted by Haseman and Huff (6), Gold et al. (136) , and others, in which carcinogenicity is scored on a positive/negative basis. Yet simple arguments suggest that the biases will be greater than those for the quantitative comparisons. As evidenced in the above paragraph, one virtue of the quantitative procedure is that it permits interspecies comparison of chemicals positive in one species and nominally negative in another (Fig. 4B) . The qualitative interspecies concordance studies are, of necessity, silent about these cases.
As we have already noted, the experimental design of the typical bioassay is such that, for most chemicals, the carcinogenic potency at the most sensitive site is just above the limit of sensitivity. This means that the interspecies concordance of carcinogenicity/noncarcinogenicity is very sensitive to the criteria for positivity in the individual bioassays. Recall the four decision rules set down by Bickis and Krewski (141), the most conservative of which leads to a high percentage of false negatives (the assignment of non-carcinogenicity to chemicals that would logically have been labeled as carcinogens under any set of reasonable positive/negative criteria), and the most liberal of which leads to the assignment ofpositivity in 100 % ofthe cases, a large number of which are false positives (chemicals of very low or zero potency that would logically have been labeled as noncarcinogens under any set of reasonable positive/negative criteria). If statistical decision rules for carcinogenicity are not tempered byjudicious use ofbiological information, the outcome is far less convincing than when all data, however untidy, is allowed to play a role. On the other hand, ifthe details ofthe requirements for positivity/negativity are not decided in advance, there is enormous potential for bias (147) . A further bias in positive/negative decisions enters when the experimenter has a desire to prove that a chemical is carcinogenic. The more bioassays that are carried out, the greater becomes the probability that one will produce a significantly positive outcome, merely due to chance. It is our contention that biases in yes/no concordance studies can be large in either direction, and that the best way ofstudying these biases is by looking at the quantitative potency relationships.
Biases can also appear in attempts to find qualitative correlations between genotoxicity and carcinogenicity. In a study of 73 chemicals tested in recent NCI/NTP rodent bioassays, Tennant et al. found that there was no complementarity between four commonly used in vitro tests for genotoxicity (23) . The Salmonella mutagenesis test had the highest specificity (negative response to nominal noncarcinogens) and the lowest sensitivity (positive response to carcinogens). They concluded that no battery oftests constructed from these four tests offered an improvement over the Salmonella assay. Sensitivity could be improved, but then specificity was sacrificed. Furthermore, the three most potent carcinogens examined were not positive in any of the in vitro tests. As others have realized, ifa chemical is negative in a series of short-term tests having distinct genotoxic end points, further testing sometimes amounts to the experimenters' relentless pursuit ofjust one positive genotoxic response. Ifenough tests are attempted, the laws of probability, applied to the tests' false-positive rate, make it likely that a positive result will be found in some test.
That there is a good correlation between the carcinogenic potency at the most sensitive site in rats with that in mice is now firmly established, as has been elaborated in this review. But the basis and relevance of this correlation has been the subject of heated discussion. In particular, a paper by Bernstein et al. (41 ) has been misinterpreted frequently as providing an argument against the validity ofthe interspecies correlation. Here (89) . This arises due to the fact that, for most of the chemicals which they analyzed, people were also exposed at high doses. In occupational settings, exposure limits used to be set just below the level at which toxic effects were immediately obvious; to reduce the levels further was considered an unnecessary expense. Chemotherapeutic doses are also close to the maximum tolerated level; lower doses are usually correspondingly less effective. Therefore, any argument that the correlation of carcinogenic potencies for mice and rats is a spurious consequence of the correlation of toxic doses would likewise apply to the correlation of carcinogenic potencies for rodents and humans. Another bias relates to the choice of chemicals for testing in rodent bioassays. The relative ease of in vitro testing for mutagenic and other genotoxic activity makes it unlikely that any new chemical will be considered for mass production if it turns out to be genotoxic. Consequently, fewer new carcinogenicity bioassays are performed on chemicals that are genotoxic in any of the standard in vitro tests.
Undoubtedly, there are other biases that have not been identified. However, we believe that it is already clear that a study of the interspecies correlation factor K cannot be separated from a study of the relationship between toxicity and carcinogenic potency, or ofthe relationship between carcinogenic potency and activities at the cellular level (including cytotoxicity and genotoxicity). We agree with Clayson (152, 153) and others who declare the necessity to improve the carcinogen risk assessment process by increasing and utilizing our understanding of the biological mechanisms of carcinogenesis.
Genotoxic Versus Nongenotoxic Agents and the Rodent Bioassay
Recently, Ashby and Tennant, expanding upon and corrobor ating the work ofTennant et al. (154) , found that the distribution of tumor sites for agents mutagenic to Salmonella is different from those which are not (76) . They examined 222 carcinogens which had been tested by the NCI/NTP in both mice and rats. If a chemical was found to be mutagenic in Salmonella and also had certain structural attributes which have been associated with mutagenicity (155) , it was classified by these authors as genotoxic (+/+). If negative in both, it was classified as nongenotoxic (-I-) . The +/+ chemicals produced all tabulated tumors except for seminal vesicle, cholangioma, urinary tract, and lymphatic system. The -/-carcinogens were more restricted in their range, producing tumors at only 15 ofthe 31 tabulated tumor sites. Benzene, which is a potent genotoxin in most in vitro and in vivo short-term tests, nevertheless fails to induce point mutations in the Salmonella assay and does not have any of the structural features identified by Ashby (155) ticularly in the male B6C3F, mouse (which has a high natural incidence of liver tumors and elevated peroxisome levels compared to females and to other strains), may be acting as tumor promoters rather than as complete carcinogens. That hepatic peroxisome proliferators also induce hepatocellular carcinoma is well known (157) . The paper by Ashby and Tennant indirectly corroborates the view that most carcinogens whi-ch are specific formouse liver are not primary carcinogens, and that they may act instead to promote the development of neoplasms in pre-initiated cells (76) . Gold et al. also found such a distinction: for the. 91 mouse liver carcinogens which had been tested for mutagenicity in Salmonella, 32% (8/25) of the single-site carcinogens are mutagenic, compared to 56% (37/66) of the multiple-site carcinogens. But a contradictory note is struck by the observation that for the 20 NCI/NTP chemicals which are single-site B6C3F, mouse liver carcinogens, tumorigenicity is not strongly correlated with sex: 13 produce tumors in both sexes, 5 in the male only, and 2 in the female only (136) . An even weaker correlation with sex was previouslyfound for 26 single-site B6C3F, mouse liver carcinogens by a group of NTP scientists (158) .
The most important conclusions of Ashby and Tennant (76) were that"screening chemicals for genotoxicity using structural analysis and a minimum number of genotoxicity assays, and use of a reduced cancer bioassay protocol, would enable the detection oftrans-species/multiple-site rodent carcinogens. The detection of tissue/sex/species-specific carcinogens can only be achieved by conducting life-time carcinogenicity bioassays according to the present NTP protocol."
Regulatory Demands and Paradoxes
The fact that about half ofthe chemicals tested in rodents produce statistically significant tumor increases has important regulatory consequences. It is no longer possible to have a "ban them all" approach. Many synthetic and naturlly occuring chemicals which have some measurable carcinogenic activity are important in everyday life. Chloroform is formed in drinking water from the reaction of chlorine (added to curb bacterial growth) with organic contminants present in most public water supplies. The EPA faces the paradox that it is forced to accept a maximum contaminant level (MCL) for chloroform in public water systems of 100 ppb (159), yet the MCL goal for trichloroethylene is set at zero (160) 
